Review on system and materials requirements for high temperature thermal energy storage. Part 1: General requirements by Gasia, Jaume et al.
1 
 
Review on system and materials requirements for high 1 
temperature thermal energy storage. Part 1: General 2 
requirements 3 
 4 
Jaume Gasia, Laia Miró, Luisa F. Cabeza* 5 
GREA Innovació concurrent, Edifici CREA, Universitat de Lleida, Pere de Cabrera s/n, 25001-6 
Lleida (Spain) 7 
* Corresponding author: Phone: +34-973-003576, fax: +34-973-003575, e-mail: lcabeza@diei.udl.cat 8 
 9 
Abstract 10 
 11 
High temperature thermal energy storage offers a huge energy saving potential in industrial 12 
applications such as solar energy, automotive, heating and cooling, and industrial waste heat 13 
recovery. However, certain requirements need to be faced in order to ensure an optimal 14 
performance, and to further achieve widespread deployment. In the present review, these 15 
requirements are identified for high temperature (> 150 ºC) thermal energy storage systems and 16 
materials (both sensible and latent), and the scientific studies carried out meeting them are 17 
reviewed. Currently, there is a lack of data in the literature analysing thermal energy storage 18 
from both the systems and materials point of view. In the part 1 of this review more than 25 19 
requirements have been found and classified into chemical, kinetic, physical and thermal (from 20 
the material point of view), and environmental, economic and technologic (form both the 21 
material and system point of view). The enhancements focused on the thermal conductivity are 22 
addressed in the Part 2 of this review due to their research significance and extension.  23 
 24 
Key-words: Thermal energy storage, High temperature, Enhancement, Phase change material, 25 
system, requirements. 26 
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Table of abbreviations 29 
 30 
BM Base material 
ACW Asbestos containing wastes 
CAPEX Capital investment costs 
CED Cumulative energy demand 
CO2-eq Equivalent CO2 emissions 
CSP Concentrated solar power 
DSC Differential scanning calorimeter 
ECES Energy conservation through energy storage 
FA Fly ashes 
FT-IR Infrared spectroscopy 
GHG Greenhouse gases 
GWP Global warming potential 
h Heat storage capacity 
HTF Heat transfer fluid 
IACW Intertized asbestos containing wastes 
IEA International Energy Agency 
IP Impact points 
LCA Life cycle assessment 
MDSC Modulated differential scanning calorimeter 
MWCNT Multi-walled carbon nanotubes 
NFPA National fire protection association 
OPEX Operation and maintenance costs 
PCM Phase change material  
PT Parabolic trough  
SM Stirring method 
ST Solar tower 
SWCNT Single walled carbon nanotubes 
TES Thermal energy storage 
Tm Temperature of fusion 
TSSM Two-step solution method 
XR X-ray powder diffraction 
  31 
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1. Introduction  32 
 33 
Current trends in energy supply and demand are economically, environmentally and socially 34 
unsustainable since energy-related emissions of carbon dioxide are expected to be doubled by 35 
2050 and fossil energy demand is expected to be increased over the security of supplies [1]. The 36 
International Energy Agency (IEA) recognizes energy storage technologies as a tool to support 37 
energy security and climate change goals by helping to integrate electricity and heat systems. 38 
 39 
Among the different energy storage technologies, thermal energy storage (TES) is an effective 40 
technique that has become a key factor on improving the efficiency of different energy systems 41 
due to the versatility in correcting the mismatch between the energy demand and supply, and by 42 
allowing the development and implementation of renewable energies. A clear example is TES in 43 
solar power plants, where the excess of solar energy during the Sun-light period, is stored to be 44 
further released during the periods when the solar energy is needed but not available, such as 45 
cloudy or night-time periods.  46 
 47 
There are basically three main techniques for TES: sensible, latent and thermochemical, being 48 
the first two the most studied and developed by the researchers. In sensible heat storage, the 49 
storing (or releasing) of thermal energy is linked to the temperature rising (or dropping) without 50 
undergoing phase change, as a consequence of a change in the internal energy of the TES 51 
material. In latent heat storage, the media stores (or releases) the thermal energy when it 52 
undergoes phase change. Unlike sensible heat storage, latent heat storage has higher storage 53 
density because the phase-transition enthalpy is much higher (usually more than 50-100 times) 54 
[2]. Since the process is nearly isothermal, which means that the temperature barely increases 55 
(or decreases), all the energy stored comes from the molecular restructuration that takes place 56 
within the transition from one phase to the other. Finally, in thermochemical heat storage the 57 
energy is stored (or released) after a reversible chemical reaction between two substances. It 58 
means that once the heat is released due to a dissociation of a chemical product, it can be 59 
recovered in almost its totality when the synthesis reaction takes place. 60 
 61 
TES can be implemented in many different sectors and applications. Table 1 summarizes the 62 
most known and studied TES storage applications for a range that comprises low and high 63 
temperature (from -269 ºC to around 1600 ºC).  64 
 65 
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Table 1. Review of the potential TES storage applications and sectors, as well as their range of working 66 
temperatures. 67 
Sector and pplication Range of temperatures Reference 
1. Heating and cooling   From -40 ºC to 350 ºC  
1.1. Cold production From -40 ºC to -10 ºC [2,3] 
1.2. Space heating and cooling of buildings From 18 ºC to 28 ºC [4,5] 
1.3. Heating and cooling of water From 29 ºC to 80 ºC [4,6] 
1.4. Absorption refrigeration From 80 ºC to 230 ºC [7] 
1.5. Adsorption refrigeration From -60 ºC to 350 ºC [8] 
2. Transportation From -50 ºC to 800 ºC  
2.1. Cabin heating and refrigeration From -50 ºC to 70 ºC [9,10] 
2.2. Battery and electronic protection From 30 ºC to 80 ºC [9,10] 
2.3. Exhaust heat recovery From 55 ºC to 800 ºC [9,10] 
3. Thermal protection  From -269 ºC to 130 ºC  
3.1. Electronic devices thermal protection From 25 ºC to 45 ºC [11] 
3.2. Chips thermal protection From 85 ºC to 120 ºC [12] 
3.3. Data centers thermal protection From 5 ºC to 45 ºC [13] 
3.4. Spacecraft electronics thermal protection From -269 ºC to 130 ºC [14] 
3.5. Food thermal protection From -30 ºC to 121 ºC [15] 
3.6. Biomedical applications From -30 ºC to 22 ºC [16] 
4. Industry From 60 ºC to 260 ºC [17,18] 
5. Solar energy From 20 ºC to 565 ºC  
5.1. Solar cooling From 60 ºC to 250 ºC [19,20] 
5.2. Solar energy storage From 20 ºC to 150 ºC [20] 
5.3. Solar power plants From 250 ºC to 565 ºC [21,22] 
6. Desalination From 40 ºC to 120 ºC [23,24] 
7. Industrial waste heat recovery From 30 ºC to 1600 ºC [25,26] 
 68 
TES has been of high interest for the researchers in the last decade and therefore many papers 69 
can be found in the literature dealing this topic, especially at mid-low temperatures (below 150 70 
ºC). For example, Zalba et al. [27] reviewed and classified phase change materials (PCM) from 71 
-33 ºC on and described some of their main applications. Pielichowska and Pielichowski [22] 72 
updated this review including sensible materials. At higher temperatures the number of 73 
publications is considerably fewer. Liu et al. [28] focused their review on PCM and possible 74 
thermal performance enhancement techniques at temperatures higher than 300 ºC. Over the 75 
same temperature range worked Cárdenas and León [29] and Fernandes et al. [30], who defined 76 
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a suitable material selection and procedure, defined different applications for power generation, 77 
and reviewed some enhancement techniques focused on different thermophyisical properties. 78 
Although most of these reviews mentioned some of the requirements presented in Table 2, none 79 
of them organized the information in a way that addresses each of the requirements in order to 80 
help the final user to identify the right TES material, technology, system and/or enhancement 81 
technique. 82 
 83 
Table 2 classifies the different requirements that, according to the literature, TES materials and 84 
systems should accomplish for an optimum thermal, physical, kinetic, chemical, economical, 85 
technological, and environmental performance. 86 
 87 
Table 2. Main requirements for selecting the suitable materials and systems focused on high temperature 88 
TES. The requirements which have an * correspond only to latent storage. Based on [27,31-33]. 89 
Requirements Reason 
Ma
ter
ial
 
Chemical 
Long-term chemical 
stability Keeping the initial thermochemical 
properties along the cycling periods No chemical 
decomposition 
Compatibility with 
container materials and 
low reactivity to heat 
transfer fluids (HTFs) 
Ensuring long lifetime of the container 
and the surrounding materials in case of 
leakage 
No fire and explosion 
hazard Ensuring workplace safety 
No toxicity Ensuring handling safety 
*No phase separation / 
Incongruent melting 
Avoiding changes on the stoichiometric 
composition of melt 
Kinetic 
*Small or no subcooling 
Having the same melting/solidification 
temperature and avoiding heat release 
problems 
*Sufficient 
crystallization rate  
Meeting the recovery system heat 
transfer demands 
Physical 
High density Minimizing the volume occupied by the TES material 
Low vapour pressure Diminishing the mechanical and 
chemical stability requirements of the 
container or vessel 
*Small volume changes 
(low density variation) 
*Favourable phase 
equilibrium Possibility of using eutectic mixtures 
Thermal 
High specific heat Providing significant sensible heat storage 
High thermal 
conductivity in both 
solid and liquid states 
Enhancing the heat transfer within the 
TES material by providing the 
minimum temperature gradients 
*Melting / solidification 
temperature in the 
desired operating 
temperature range 
Ensuring the success of the charging 
and discharging processes within the 
operation conditions 
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*High latent heat of 
transition per unit 
volume near temperature 
of use 
Providing significant latent heat storage 
in small volumes 
*Congruent melting Ensuring the complete melt of the TES material and their homogeneity 
Ma
ter
ial
/Sy
ste
m 
Economic 
 
 
Abundant and available Being cheaper than other options 
Large lifetime 
Avoiding replacements and 
maintenance during the lifetime of the 
TES system 
Cost effective Being competitive in front other options 
Environmental 
Low manufacturing 
energy  
Reducing the environmental impact of 
the systems and accomplishing 
sustainable regulations and trends 
Easy recycling and 
treatment 
Low CO2 footprint and 
use of by-products 
Non-polluting 
Technological 
Operation strategy Optimizing the processes by adapting 
them to limiting factors such as 
maximum loads, nominal temperatures 
and specific enthalpy drops in load 
Integration into the 
facility 
Suitable heat transfer 
between the HTF and the 
storage medium 
(efficiency) 
Enhancing the heat transfer from the 
TES material to the HTF and vice versa 
 90 
The main objective of the present paper is to identify the main requirements that a TES system 91 
(sensible or latent) should accomplish at high temperature (> 150 ºC) from the material and 92 
system point of view, and reviewing the literature available on this topic in order to find the 93 
research niches which can allow the researchers conducting their investigation.  94 
 95 
This is the first review considering such a wide scope and therefore the authors have divided it 96 
into two parts. The first part consists of a revision of all the general requirements that a TES 97 
system should fulfil in order to be considered optimal (chemical, economic, environmental, 98 
kinetic, physical, technological, and thermal). The second part [34] is mainly focused on the 99 
study of the thermal conductivity enhancement techniques between the HTF and the TES 100 
material, by adding extended surfaces, and enhancing the thermal conductivity of the material 101 
itself, by combining it with highly conductive materials. 102 
 103 
2. Material requirements 104 
 105 
2.1 Addressing chemical requirements  106 
 107 
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Chemical requirements are very similar for sensible and latent heat storage materials (Table 2). 108 
Candidate materials should have long-term chemical stability, no chemical decomposition, 109 
should be compatible with the container materials and the HTF, non-toxic and non-flammable, 110 
and they should present no phase segregation. 111 
 112 
Any material is suitable for TES applications if it is chemically stable and does not degrade 113 
after a number of repeated heating and cooling cycles, which means that it keeps almost the 114 
same thermochemical properties than the beginning. Many authors reported the results from 115 
their cycling tests in which the chemical stability was checked. Ferrer et al. [35] reviewed the 116 
methodologies used to assess the cyclability of TES materials. They identified that the infrared 117 
spectroscopy (FT-IR) analysis is the most widely technique used to study the chemical stability. 118 
In addition, they also identified the parameters that need to be considered when performing 119 
those tests: cycling equipment, characterization technique after the test, number of cycles, and 120 
heating rate. Only four studies regarding high temperature TES materials have been found. Solé 121 
et al. [36] studied the chemical stability of three high temperature sugar alcohols (d-mannitol 122 
[Tm = 166 - 176.9 °C], myo-inositol [Tm = 224 - 227 °C] and galacticol [Tm = 187 - 188.5 °C]) 123 
using differential scanning calorimeter (DSC) and FT-IR analyses. Results showed a poor 124 
stability of galacticol and d-mannitol and a good stability of myo-inositol. Moreover, it was 125 
observed that the contact of the TES materials with oxygen was a variable that affected the 126 
results of the study. Therefore, a TES system including these materials should be in an inert 127 
atmosphere or in vacuum. Similarly, John et al. [37] studied the effect of the upper cycle 128 
temperature on the thermal behaviour of galactitol in bulk thermal cycling for solar cookers. 129 
They observed the same poor stability results than Solé et al. [36] and concluded that this TES 130 
material is not suitable for the application proposed. Paul et al. [38] studied the chemical 131 
stability of a eutectic mixture at a 30:70 molar ratio of galactitol and mannitol (Tm = 153 ºC) via 132 
DSC, X-ray powder diffraction (XR) and FT-IR spectroscopy analyses. Those techniques 133 
confirmed that the combination of mannitol and galacticol showed good cyclic, thermal and 134 
chemical stability compared to its individual components under nitrogen or air atmospheres. 135 
Finally, Sun et al. [39] cycled 1000 times an aluminium-magnesium-zinc alloy (Tm = 450 ºC). 136 
Results showed a good stability of the alloy as it showed an 11% of loss on the heat storage 137 
capacity and a variation of 0.7 % on the melting temperature. 138 
 139 
The compatibility of the TES material and the container material is crucial in order to ensure a 140 
long lifetime as a result of a minimum variation of its mechanical and structural properties. This 141 
property is often assessed by measuring the corrosion between the TES and the container 142 
materials. Corrosion is normally measured by immersing a sample made of the container 143 
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material in the liquid TES material. Temperature, length and repeatability of the analysis depend 144 
on the specific requirements of the applications. 145 
 146 
Table 3 shows a review of the corrosion studies performed at high temperature and defines the 147 
TES and containers materials, working temperatures, results and year in which they were 148 
performed. Eutectic mixtures containing sodium nitrate and potassium nitrate are the most 149 
studied high temperature TES material because of their potential use in solar power plants. The 150 
combination of molten salts and the metallic parts of the solar power plants constitutes a 151 
corrosion system, where the salts act as an electrolyte, comparable to an aqueous electrolyte. 152 
However, whereas the corrosion mechanisms of metals in numerous aqueous electrolytes are 153 
well established and understood, it still exists a lack in knowledge concerning the corrosion 154 
mechanisms of metals in molten salts [40]. The corrosion of different commercial steels and 155 
other alloys are evaluated when in contact with nine different high temperature eutectic 156 
mixtures used for TES. The corrosion tests have been performed at different working 157 
temperature, ranging from 250 to 800 ºC. However, different procedures (metal weight/gain 158 
losses, corrosion rates, etc.) were used by those authors to evaluate the corrosion and, therefore, 159 
it is not possible to perform an accurate comparison of the results reviewed. Moreover, the 160 
compatibility between a TES material and its container cannot be transferred from the literature 161 
straightforward. At the working conditions (temperature, length, intermittence, etc.) of the real 162 
application in which those materials are expected to be used should be assessed. Guillot et al. 163 
[41] assessed the suitability of combining intertised asbestos containing wastes (IACW), which 164 
are industrial wastes based on calcium magnesium iron alumino-silicate with different 165 
impurities, with molten salts to be combined and used as TES material in concentrated solar 166 
power (CSP) plants. Sulphates, phosphates, carbonates and nitrates salts have been mixed with 167 
IACW and the corrosion indicated that only the nitrates have shown good compatibility with 168 
IACW materials. 169 
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Table 3. Review of the studies concerning the chemical requirements at high temperature in terms of compatibility between the container and the TES material. 
Study  
case 
TES material 
(wt %) Container material 
Working 
temperature Results Year Reference 
1 
(HITEC) 
 NaNO2 +  NaNO3 + KNO3   (40 % + 7 % + 53 %)  
Steel 
A516 390 ºC Mass gain = 0.35 mg/cm2
2015 Fernandez et al.  [42] T11 390 ºC Mass gain = 0.35 mg/cm2
T22 390 ºC Mass gain = 0.35 mg/cm2
321 530 ºC ≈ 0.02 mm/a 2015 Federsel et al. [43] 
Other alloys Inconel 600 530 ºC ≈ 0.02 mm/a 2015 Federsel et al. [43] 
 
AISI 430 390 ºC < 0.1 mg/cm2
2015 Fernandez et al.  [44] T22 390 ºC 0.00044 µm/h
A1 390 ºC 0.00075 µm/h
SS316 550 ºC > 1 mg/cm2 2004 Goods and Bradshaw [45] A36 550 ºC <0.5 mg/cm2
SS304 
390 ºC <0.1 mg/cm2 2015 Fernandez et al.  [44] 
550 ºC < 3 mg/cm2 2004 Goods and Bradshaw [45] 
3 KNO3 + NaNO3 (50 % + 50 %) 
Other alloys 
 
Inconel 
677 ºC 
3.05-4.83 mm/a
1985 Slusser et al. [46] 
Hastelloy 3.30-10.41 mm/a
Alloy 4.32 mm/a
RA 6.86 mm/a
Incoloy 10.67 mm/a
Haynes 17.53-21.08 mm/a
Nitronic 21.33-29.72 mm/a
Nicofer 43.18 mm/a
Ni 81.79 mm/a 
 
4 
(Molten salts) 
NaNO3 + KNO3  (60 % + 40 %) 
Steel 
SS304 
390 ºC < 0.05 mg/cm2 2014 Fernandez et al.  [47,48] 550 ºC 0.0062 µm/h 
570 ºC 4-10 mg/cm2 2004 Goods and Bradshaw [45] 
T11 390 ºC 2.75 mg/cm2 2014 Fernandez et al. [49]  
T22 390 ºC 0.0081 µm/h 2014 Fernandez et al. [48] 550 ºC 2.25 mg/cm2 Fernandez et al. [50] 
OC-4 390 ºC Excellent behaviour 2014 Fernandez et al.  [47] 
A1 390 ºC 0.1108 µm/h 2014 Fernandez et al.  [48] 
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A36 316 ºC 1-2.5 mg/cm2 2004 Goods and Bradshaw [45] 
AISI SS430 390 ºC 0  mg/cm2 2014 Fernandez et al. [50] 550 ºC 0.1321 µm/h Fernandez et al.  [48] 
P91 600 ºC Scale thickness = 1330 μm 2016 Dorcheh et al. [51] 
X20 600 ºC Scale thickness = 450 μm 2016 Dorcheh et al. [51] 
SS316 570 ºC 5-8 mg/cm
2 2004 Goods and Bradshaw [45] 
600 ºC Scale thickness = 18 μm 2016 Dorcheh et al. [51] 
316Ti 565 ºC ≈ 0.5 % weight loss 2015 Federsel et al. [43] 
SS347H 600 ºC Scale thickness = 18 μm 2016 Dorcheh et al. [51] 
SS321 
400 ºC Descaled loss = 0.27 mg/cm2 2014 Kruizenga and Gill [52]  
500 ºC Descaled loss = 1.98 mg/cm2 2014 Kruizenga and Gill [52] 
565 ºC ≈ 0.2 % weight loss 2015 Federsel et al. [43] 
680 ºC Descaled loss = 42.77 mg/cm2 2014 Kruizenga and Gill [52] 
SS347 
400 ºC Descaled loss = 0.2 mg/cm2 2014 Kruizenga and Gill [52]   
500 ºC Descaled loss = 1.28 mg/cm2 2014 Kruizenga and Gill [52] 
680 ºC Descaled loss = 42.05 mg/cm2 2014 Kruizenga and Gill [52] 
Other alloys 
HA230 
600 ºC Metal losses of 23.6 µm/a 2014 McConohy and Kruizenga [53] 
680 ºC Metal losses of 688 µm/a 2014 McConohy and Kruizenga [53] 
In625 
600 ºC Scale thickness = 9 μm 2016 Dorcheh et al. [51] 
600 ºC Metal losses of 16.8 µm/a 2014 McConohy and Kruizenga [53] 
680 ºC Metal losses of 594 µm/a. 2014 McConohy and Kruizenga [53] 
Incoloy Alloy  
800 550-670 ºC Oxide scales higher than 15 μm 1981 Goods [54] 
 
5 
LiNO3 + NaNO3 + KNO3 (30 % + 18 % + 52 %) Steel 
SB450 550 ºC n.a.
2015 Cheng et al. [55] 
T22 550 ºC
n.a. T5 550 ºCT9 550 ºC
X20 550 ºC
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6 Molten salts with NaCl additives 
Stainless steel 304 570 ºC 7-10 mg/cm2 2004 Goods and Bradshaw [45] 316 570 ºC 5-6 mg/cm2
Carbon steel A36 316 ºC 2-3 mg/cm2
 
7 
 
(FLiNaK) 
LiF + NaF + KF 
(46.5 % + 11.5 % + 42 %) 
Steel 
SS316L
650 ºC 
19.65 mm/a
2014 Sona et al. [56] 
SS317L 17.82 mm/a
Inconel-625 23.70 mm/a
Incoloy-800H 39.30 mm/a
Hasteloy-B 3.02 mm/a
Ni-201 0.94 mm/a
8 NaCl + KCl (50 % + 50 %) 
Fe-Cr alloy
n.a. 670 ºC n.a. 2005 Li et al. [57] Fe-Al alloy
Ni-Al alloy
Steel 
316L
670 ºC n.a. 2010 Abramov et al. [58] 316Ti
321
9 NaCl + KCl + ZnCl2 (13.4 % + 33.7 + 52.9 %) 
Hastelloy 
C-276 500 ºC Corrosion rate < 20 µm/a 
2015 Vignarooban et al. [59]  
800 ºC Corrosion rate 40 µm/a 
C-22 250 ºC Corrosion rate < 20 µm/a 500 ºC Corrosion rate 40 µm/a 
Stainless steel 304 250 ºC Corrosion rate 20 µm/a 500 ºC Corrosion rate 380 µm/a 
n.a: not available
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In order to facilitate the handling and the safe use of the TES material, no hazardous materials 1 
are preferable. Therefore toxic or flammable TES materials should be avoided. However, most 2 
of the authors have focused only on the thermal behaviour properties when selecting TES 3 
materials without taking into account those parameters. Miró et al. [60] proposed health hazard 4 
as a part of a new methodology to select the suitable TES materials. Moreover, a case study 5 
considering five high temperature PCMs (salicylic acid, benzanilide, d-mannitol, hydroquinone, 6 
and potassium thiocyanate) was presented. The degree of health hazard of a material is based on 7 
the form or condition of the material and on its inherent properties. It is provided by the 8 
manufacturer in the material safety data sheets or by different standard associations which have 9 
developed tools to indicate the health, flammability, reactivity and special hazards for many 10 
common chemicals [60]. Results showed that potassium thiocyanate was the most dangerous 11 
TES materials within the selected ones and its short exposure could cause serious temporary or 12 
moderate residual injuries. TES material with health hazard values above 3 (according to the 13 
National fire protection association (NFPA) 704 standard in a scale from 0 to 4) should be 14 
discarded. However, if a specific application requires it, its use must be always under the 15 
established safety measures. In Table 4, the health hazard rating of the different materials 16 
studied are presented. Regarding to the flammability, Gallegos and Yu [61] proposed TES as 17 
and insulation medium in high temperatures systems when the heat flux presented values up to 18 
80-84 kW·m-2 from flashover conditions in a firefighting environment. Among the proposed 19 
candidates, they analysed dulcitol and d-mannitol. Results showed that the molecular structure 20 
of sugar alcohols has tremendous impacts in terms of melting and boiling point and therefore in 21 
flammability. 22 
 23 
Table 4. Health hazard rating of some TES materials based on the NFPA 704 standard [60]. 24 
 Health hazard rating 
Salicylic acid ½ 
Benzanilide 1 
d-mannitol 1 
Hydroquinone 2 
Potassium thiocyanate 3 
 25 
Phase segregation (or phase separation) is the macroscopic separation of the phases in a PCM. 26 
When that occurs, PCM shows a significantly lower capacity to store heat [33]. According to 27 
Zhao [62], encapsulation can help to mitigate not only phase segregation during thermal cycling 28 
but also problems like low thermal conductivity and subcooling. Moreover, it protects the TES 29 
material from exposure and potential corrosion with HTF. Therefore, the encapsulation material 30 
should also be compatible with the TES material. Metals are the best candidates for 31 
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higher melting temperature to avoid deactivation when the TES material is melted. The main 62 
problem of this solution is that similar crystal structures usually means similar melting 63 
temperatures. 64 
 65 
Very little research has been carried out regarding kinetics at high temperature. For example, 66 
Sari et al. [68] reduced the subcooling of galacticol (Tm = 187.4 °C) by preparing galactitol 67 
hexastearate and galactitol hexapalmitate as a novel solid–liquid TES material by means of 68 
esterification reaction of the TES material with palmitic acid and stearic acid. However, this 69 
mixture leaded to a TES material with a melting temperature of around 40 °C. Paul et al. [38] 70 
studied the effect of adding up to 0.5 wt.% of different nucleating agents (graphite and silver 71 
iodide) into an eutectic mixture at a 30:70 molar ratio of galactitol and mannitol (Tm = 153 ºC). 72 
They observed that the nucleation agents reduced subcooling around 10 ºC. Other studies 73 
observed that the size of the sample is an important parameter when determining the subcooling 74 
effect [69-71]. Rathgeber et al. [69] selected nine TES materials for combined DSC and T-75 
history measurements. From these materials, hydroquinone was the only one at high 76 
temperature. Using both DSC and T-history for the determination of enthalpy curves, the 77 
dependence of this curve on the sample size and on the temperature profile applied could be 78 
analysed and a reduction of around 13 ºC in the subcooling effect was observed. Gil et al. [70] 79 
tested at both laboratory and pilot plant scales two TES materials candidates for solar 80 
refrigeration applications (hydroquinone and d-mannitol). They realized that d-mannitol showed 81 
subcooling in both scales while hydroquinone showed subcooling only at laboratory scale. Later 82 
on, both materials were also analysed with the T-History method [71], verifying that the effect 83 
of subcooling was volume-dependent.  84 
 85 
2.3 Addressing physical requirements 86 
 87 
Regarding the physical requirements, TES materials should have high density in order to 88 
decrease the space needed to store the same amount of heat. In addition, low vapour pressure 89 
and low density variation between phases are needed to diminish the mechanical and chemical 90 
stability requirements of the container. Finally, and specifically for TES materials working in 91 
their latent phase, favourable phase equilibrium is required. 92 
 93 
Despite the fact that these parameters are very important when designing the TES container or 94 
the encapsulation for the TES material, there is a paucity of literature on this requirement at 95 
high temperature. Regarding the low density variation, Archiblod et al. [71] and Solomon et al. 96 
[73] considered the thermal expansion coefficient of sodium nitrate (Tm = 306.8 °C) and the 97 
effect of an internal air void when evaluating its thermal performance within a metallic spherical 98 
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shell. They highlighted that the salt quantity inside the sell should be carefully calculated to 99 
guarantee the internal pressure. Moreover, they found that the shape of the melting front and the 100 
rate at which it moves is affected by the location of the internal air void. Hennemann et al. [74] 101 
studied the physical laws limiting the heat of fusion and the usability of TES material in 102 
applications, and an exhaustive study of entropy was done regarding expansional, positional, 103 
orientational, conformational and electronic contribution of entropy. They concluded that 104 
disregarding molecules with molecular weights less than 70 g/mol, the limiting theoretical 105 
entropy value set by physical and chemical constrains was 1.0 J/(g∙K). 106 
 107 
2.4 Addressing thermal requirements  108 
 109 
It is a fact that most of the materials used for TES purposes have poor thermal characteristics 110 
and therefore enhancement techniques addressing these requirements need to be performed. As 111 
Table 2 shows, there are five main thermal requirements that TES materials should meet in 112 
order to optimize the processes in which they are planned to be implemented. If the thermal 113 
storage is requested to occur in the latent phase, TES materials must have their phase change 114 
temperature in the desired operating temperature range in order to increase the potential of the 115 
system. Moreover, high latent heat of transition per unit volume near the temperature of use is 116 
also desired in order to provide significant latent heat storage with small volumes and therefore, 117 
obtaining lower operation costs due to the optimization of the storage container. The last 118 
thermal requirement regarding the use of the latent phase is the utilization of a TES material 119 
with congruent melting in order to ensure that it completely changes of phase and therefore, 120 
both solid and liquid phases remain homogeneous. These three parameters can be evaluated 121 
with commercial devices. 122 
 123 
On the contrary, most of TES materials employed for high temperature purposes are used in 124 
their sensible phases. Hence, laboratory analyses should be performed in order to determine the 125 
proper thermal properties and optimize them within the desired operation temperature range. 126 
The first requirement is that the TES material should have high thermal conductivity at both 127 
solid and liquid states. This requirement, which has received a high interest from the 128 
researchers, is fully reviewed and developed in the second part of this review [34]. The second 129 
requirement is that the TES material should have high specific heat to provide significant 130 
sensible heat storage. Normally, TES materials used for high temperature purposes have low 131 
specific heat. The most widely used technique to enhance this property is the dispersion of 132 
nanoparticles within the TES material. As mentioned in the second part of this review [34], the 133 
material composed by nanoparticles dispersed within a base material (BM) is usually presented 134 
as nanofluid, when the BM is in the liquid state, or nanocomposite, when the BM is in the solid 135 
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Table 5. Review of the studies concerning the combination of nanoparticles with TES material at high temperature in terms of specific heat enhancement. 
Study case Nanoparticle (nominal size) 
Nanoparticles 
concentration 
(wt. %) 
TES material 
(wt  %) 
Synthesis  
method  Comparison 
Improvement and 
measurement instrument Year Reference 
1 Experimental Al2O3  (50 nm) 0.5/1.0/2.5  [C4mmim][NTf2] n.a. 
Concentration of 
nanoparticles Up to 30.4 % (2.5 wt. %) 2011 
Bridges et 
al. [90] 
2 Experimental Mica  (45 µm) 0.5/1.0/2.0  
KNO3 + NaNO3 
(60 + 40 %) TSSM 
Concentration of 
nanoparticles 
Up to 15 % (1.0 wt. %, solid 
state). Up to 19 % (1.0 wt. %, 
liquid state) 2011 
Jung and 
Banerjee 
[81] By: MDSC (Q20, TA 
Instruments) 
3 Experimental SiO2 (20-30 nm) 1.0 
BaCl2 + CaCl2 + 
LiCl + NaCl 
(15.9 + 34.5 + 29.1 
+ 20.5 %) 
TSSM Nanomaterial vs pure material 
Up to 14.5 %  
2011 
Shin and 
Banerjee 
[76] 
By: MDSC (Q20, TA 
Instruments) 
4 Experimental TiO2 (20-30 nm) 1.0  
Li2CO3 + K2CO3 
(62 + 38 %) TSSM 
Nanomaterial vs 
pure material 
Up to 23 %  
2011 
Shin and 
Banerjee 
[91] 
By: MDSC (Q20, TA 
Instruments) 
5 Experimental 
SiO2 (7 nm) 
Al2O3 (13 nm) 
TiO2 (20 nm) 
SiO2-Al2O3 (2-
0.5/1.0/1.5  NaNO3 + KNO3 (60 + 40 %) TSSM 
Nanoparticle and 
concentration of 
nanoparticles 
SiO2: Up to 14.9 % (1.0 wt. 
%, solid state). Up to 0.8 % 
(1.0 wt. %, liquid state) 
 
2013 Chieruzzi et al. [82]  
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200 nm) Al2O3: Up to 19.9 % (1.0 wt 
%, solid state). Up to 5.9 % 
(1.0 wt. %, liquid state) 
TiO2: No enhancement 
observed 
SiO2-Al2O3: Up to 57.7 % 
(1.0 wt. %, solid state). Up to 
22.5 % (1.0 wt. %, liquid 
state) 
By: Mettler-Toledo DSC 
822E/400 
6 Experimental 
SiO2 
(5/10/30/60 
nm) 
1.0  NaNO3 + KNO3 (60 + 40 %) TSSM 
Size of 
nanoparticles 
Up to 10 % (1.0 wt. %, 60nm, 
solid state). Up to 28 % (1.0 
wt. %, 60nm, liquid state) 2013 Dudda and Shin [83] By: MDSC (Q20, TA 
Instruments) 
7 Experimental Al2O3  (13/90 nm) 0.9/2.7/4.6 
NaNO3 + KNO3 
(60 + 40 %) TSSM 
Concentration of 
nanoparticles and 
particle size 
No enhancement observed 
2013 Lu and Huang [84]  By: MDSC (Q20, TA 
Instruments) 
8 Experimental SiO2 (2-20 nm) 1.5  
Li2CO3 + K2CO3 
(62 + 38 %) TSSM 
Nanomaterial vs 
pure material 
Up to 54 % (solid state). Up 
to 124 % (liquid state) 2013 
Shin and 
Banerjee 
21 
 
By: MDSC (Q20, TA 
Instruments) 
[92] 
9 Experimental 
SiO2 
(5/10/30/60 
nm) 
1.0  Li2CO3 + K2CO3 (62 + 38 %) TSSM 
Size of 
nanoparticles 
Up to 28 % (60 nm, solid 
state). Up to 26 % (60nm, 
liquid state) 2013 
Tiznobaik 
and Shin 
[93]   By: MDSC (Q20, TA 
Instruments) 
10 Experimental SiO2 (12 nm) 0.5/1.0/1.5/2.0  
NaNO3 + KNO3 
(60 + 40 %) TSSM 
Concentration of 
nanoparticles 
Up to 25 % (1.0 wt. %). 
2014 
Andreu-
Cabedo 
[75] 
By: Mettler-Toledo DSC 
822E/400 
11 Experimental Al2O3 (<50 nm) 
0.016/0.063/0.1
25/0.25/0.5/1.0/
2.0  
KNO3 + NaNO2 + 
NaNO3 
(53+ 40 + 7 %) 
SM Concentration of nanoparticles 
Up to 19.9 % (0.063 wt. %) 
2014 Ho and Pan [77] By: Perkin Elmer/DSC 7 
12 Experimental Sn/SiO2  (100 nm) 1.0/3.0/5.0 
KNO3 + NaNO3 
(40 + 60 %) 
KNO3 + NaNO2 + 
NaNO3 
(53 + 40 + 7 %) 
n.a. Concentration of nanoparticles 
KNO3+NaNO3: Up to 36.3 % 
(5.0 wt. %).  
2014 Lai et al. [89] 
KNO3+NaNO2+NaNO3: Up 
to 30.1 % (5.0 wt. %).  
By: Mettler-Toledo DSC 
822E/400 
13 Experimental SiO2 
 (60 nm) 
1.0 
LiNO3 + NaNO3 + 
KNO3  
(38 + 15 + 47 %) 
TSSM Nanomaterial vs pure material 
Up to 33 % 
2014 Seo and Shin [94] By: MDSC (Q20, TA 
Instruments) 
14 Experimental Al2O3 1.0 Li2CO3 + K2CO3 TSSM Nanomaterial vs Up to 33 %  2014 Shin and 
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(60 nm) (62 + 38 %) pure material By: MDSC (Q20, TA 
Instruments) 
Banerjee 
[95]  
15 Experimental 
MWCNT  
(10-30 nm x 
1.5µm) 
1.0 Li2CO3 + K2CO3 (62 + 38 %) TSSM 
Nanomaterial vs 
pure material 
Up to 16 % (solid state). Up 
to 21 % (liquid state) 2014 
Jo and 
Banerjee 
[96] By: MDSC (Q20, TA Instruments) 
16 Experimental SiO2 1.0 
Li2CO3 + K2CO3 
(62 + 38 %) TSSM 
Nanomaterial vs 
pure material 
Up to 15 % (solid state) 
2015 
Shin and 
Banerjee 
[97] 
By: MDSC (Q20, TA 
Instruments) 
17 Experimental Al2O3  (40 nm) 
0.125/0.25/0.5/0
.75/1.0/1.5/2.0  
NaNO3 + KNO3 
(60 + 40 %) TSSM 
Concentration of 
nanoparticles 
Up to 30.6 % (0.78 wt. %) 
2015 Schuller et al. [85] By: MDSC (Q20, TA Instruments) 
18 Experimental 
SWCNT (5-20 
nm x 1-5 µm) 
MWCNT (10-
50 nm x 0.5-1 
µm) 
Graphene (10-
20 nm x 1-5 
µm) 
Fullerene C60 
(0.5-2 µm) 
0.1/0.5/1.0/1.5/2
.5 
Li2CO3 + K2CO3 
(62 + 38 mol %) TSSM 
Nanoparticle and 
concentration of 
nanoparticles  
SWCNT: Up to 18.7 % (1.5 
wt. %, solid state). Up to 14.4 
% (1.5 wt%, liquid state) 
2015 Tao et al. [87] 
MWCNT: Up to 12.4 % (1.5 
wt. %, solid state). Up to 
14.52 % (1.5 wt. %, liquid 
state) 
Graphene: Up to 16.8 % (1.5 
wt. %, solid state). Up to 
18.57 % (1.5 wt. %, liquid 
state) 
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C60: Up to 13.47 % (2.5 wt. 
%, solid state). Up to 12.05 % 
(2.5 wt. %, liquid state) 
By: n.a. 
19 Experimental 
SiO2 (7 nm) 
Al2O3 (13 nm) 
SiO2-Al2O3 (2-
200 nm) 
1.0 KNO3 TSSM Nanoparticle  
SiO2: Up to 9.5 % (solid 
state). Up to 6.1 % (liquid 
state) 
2015 Chieruzzi et al. [86] 
Al2O3: No enhancement 
observed 
SiO2-Al2O3: Up to 4.7 % 
(solid state). No enhancement 
observed in the liquid state 
By: Mettler-Toledo DSC 
822E/400 
20 Experimental 
SiO2 
(5/10/30/60 
nm) 
1.0  
LiNO3 + NaNO3 + 
KNO3  
(38 + 15 + 47 %) 
TSSM Size of nanoparticles 
Up to 16 % (10 and 30 nm) 
2016 Seo and Shin [88] By: MDSC (Q20, TA 
Instruments) 
21 Experimental SiO2 (30 nm) 1.0 
NaNO3 + KNO3 + 
Ca(NO3)2 
(49 + 30 + 21 %) 
TSSM Nanomaterial vs pure material 
Up to 19 %  
2016 
Devaradjan
e and Shin 
[98] 
By: MDSC (Q20, TA 
Instruments) 
MDSC: Modulated differential scanning calorimeter / SWCNT: Single walled carbon nanotubes / MWCNT: Multi-walled carbon nanotubes /TSSM: Two-step solution method / 
SM: Stirring method
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3. System requirements 
 
3.1 Addressing economic requirements  
 
A common problem in the current research field is that TES is mainly focused on the analysis of 
the intrinsic properties of the materials and its enhancement techniques and the system 
requirements (Economy, technology and environment) are sometimes ignored. The economic 
feasibility of a TES system is assessed taking into account parameters like abundance and 
availability of the TES material, large lifetime of the components and cost effectiveness.  
 
Most of the economic analyses are focused on CSP facilities as they are one of the most 
developed technologies at the high temperature range. More than 80% of CSP plants which are 
already built or under construction are based on the parabolic trough technology [106]. Hence, 
practically all the information regarding economic aspects refers to this technology. CSP 
facilities costs are mainly divided in three categories: capital investment costs (CAPEX), 
operation and maintenance costs (OPEX) and financing costs [107]. It is very difficult to obtain 
feasible and real values, since very few information is currently available because of 
confidentiality. Table 6 shows the breakdown of the CAPEX costs of two proposed 100 MW 
CSP plants in South Africa. The first one corresponds to a parabolic through CSP plant with 
13.4 h of storage and estimated total CAPEX costs of 914 million USD, while the second one 
corresponds to a solar tower CSP plant with 15 h of TES and estimated total CAPEX costs of 
978 million USD. In both cases the most economic-intensive part is the solar and heliostat field, 
representing one third of the total investment. From this cost, the elements made of steel and the 
mirrors are the largest contributors. On the other hand, the TES system represents 10-15 % of 
the total cost, being the TES material and the storage tanks the largest contributors. OPEX costs 
include the replacement costs of the damaged and broken elements of the plant, the water costs 
for mirror washing, and insurance among others, and have values between 0.020 and 0.036 
USD/kWh for parabolic trough CSP plants, and around 65 USD/kW/year for solar tower CSP 
plants [106]. Finally, the authors of the study reviewed potential CSP cost reduction potentials 
and identified the following potential innovations: new HTFs, new storage materials, new 
mirror material and new collector concepts. 
  
Table 6. Breakdown of the CAPEX of two proposed 100 MW CSP plants in South Africa [107]. 
Section CAPEX breakdown Parabolic trough CSP Solar tower CSP 
Solar field / Heliostat field 35 % 33 % 
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Site preparation n.a. 4 % 
Tower n.a. 2 % 
Receiver system n.a. 15 % 
Owner’s costs 5 % 5 % 
Contingencies 8 % 8 % 
Engineering 7 % 6 % 
Balance of plant 6 % 6 % 
Power block 17 % 11 % 
TES system 15 % 10 % 
HTF system 7 % - 
 
Wagner and Rubin [109] combined the cost with the performance and the profit of a 110-MW 
parabolic trough CSP plant operating with a TES system, with and without natural gas-fired 
backup system. The use of TES was found to increase the annual capacity factor and the total 
plant capital costs but decreased the annual operation and maintenance costs. Nithyanandam and 
Pitchumani [110] studied, in terms of cost and performance, two different TES systems types 
(encapsulated PCM and embedded heat pipes) integrated in tower CSP plants, and compared 
them with the results of a two-tank molten salt storage system. Results showed that the costs of 
integrating the two-tank molten salt storage system is at least 1.12 ¢€/kWh and 0.71 ¢€/kWh 
higher compared to encapsulated PCM and embedded heat pipes systems, respectively. 
 
Regarding to other types of TES systems, Rathgeber et al. [111] evaluated the storage capacity 
costs (€·kWh-1) of different TES systems from the participants institutions at Energy 
conservation through energy storage (ECES) Annex 29 via top-down and bottom-up 
approaches. Some of the systems presented work at high temperature. Results showed that the 
annual number of storage cycles has the largest influence on the cost effectiveness.  
 
3.2 Addressing environmental requirements  
 
As environmental awareness increases, industries and businesses are assessing how their 
activities affect to the environment. Table 2 lists the environmental requirements for a whole 
TES system (TES material, container, piping system, insulation, etc.). These requirements aim 
to reduce the environmental impact of the TES systems and to accomplish sustainable 
regulations and trends. Therefore it is desirable to have a low manufacturing energy demand, to 
demand an easy recycling and treatment, and to use non-polluting and low CO2 footprint 
materials. These requirements can be assessed by performing environmental analyses and/or 
using by-products or industrial wastes as alternative TES materials. 
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Regarding the environmental analysis, three main tools have been found focused on identifying 
the environmental affection of those systems: the carbon or CO2 footprint, the life cycle 
assessment (LCA), and the cumulative energy demand (CED). The CO2 footprint measures the 
greenhouse gases (GHG) emissions over the whole life of a product from the extraction of raw 
materials and manufacturing right through to its use and final re-use, recycling or disposal 
[112]. It considers direct emissions, which are emissions from sources that are owned or 
controlled by the reporting entity, and indirect emissions, which are emissions that are a 
consequence of the activities of the reporting entity, but occur at sources owned or controlled by 
another entity. In fact, the CO2 footprint is a simplification of the LCA analysis, and instead of 
considering all the impact categories a LCA (Table 7), it only considers the global warming 
impact category. LCA analyses the impact of a product from the extraction, through 
manufacturing, transportation and use, to its disposal. LCA divides the environmental burdens 
analysis into three different damage categories: human health, ecosystem quality and resources. 
Finally, the CED considers direct and indirect energy use throughout the life cycle, including 
the energy consumed during the extraction, manufacturing and disposal of the raw and auxiliary 
materials [113].  
 
Table 7. Main impact categories of LCA classified by scale impact and their quantification, based on 
[114]. 
 Impact category Quantification 
Global impact 
Global warming CO2-Eq 
Resource depletion Quantity resource	usedQuantity left in reserve 
Ozone depletion CFC-11 equivalents 
Regional impact Smog Ethane equivalents Acidification Hydrogen ion equivalents 
Local impact 
Eutrophication PO4 equivalents 
Human toxicity LC50 equivalents 
Ecotoxicity LC50 equivalents 
Land use Mass of solid waste 
Water use Quantity water usedQuantity left in reserve 
 
The environmental analyses found in the literature are classified in this review depending on the 
boundaries of the study. First, only the TES material. Afterwards, the TES system (it includes 
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the HTF, the container material and the insulation). Finally, the whole facility (it includes the 
TES system and the heating and cooling systems).  
 
Considering only the TES material, Khare et al. [115] identified some sensible heat storage 
materials to work from 500 ºC on and calculated their environmental affection during the 
different life cycle stages. Among all the materials studied, they observed that high alumina 
concrete was the less energy requiring material and with the lower values of CO2 production as 
a consequence of little material processing and local transport. López-Sabirón et al. [116] 
performed an LCA to determine whether the energy savings of conventional fuels during the 
operation stage were large enough to balance the environmental impact of four different latent 
TES system (used to recover thermal energy in a temperature range from 300 ºC to 400 ºC) 
from its manufacture to its disposal. Results showed a reduction in the overall impacts by the 
use of TES. Besides, they also calculated the carbon footprint of the main integrating 
components of these TES system. They observed that the HTF is the lowest contributor while 
the steel and the PCM are the highest contributors. In another study, López-Sabirón et al. [117] 
evaluated a TES system with PCM including the manufacture, use and end-of-life stages. They 
observed that changing the materials in the manufacture of the TES, raising the material 
recovery ratios, and selecting the proper HTF, can increase the positive impact of the end-of-life 
stage. 
 
Regarding both the material and system, Oró et al. [118] compared the LCA of three different 
TES systems for solar power plants: sensible heat storage (concrete and molten salts) both in 
solid and liquid thermal storage media and latent heat storage (molten salts). They concluded 
that the system containing sensible liquid thermal storage media was the one with higher 
environmental impact. The same systems were analysed by Miró et al. [119], who besides 
accounted their CED. In this case, results showed that the latent system was the one accounting 
for more embodied energy. Recently, Lalau et al. [120] compared the environmental impacts of 
a thermocline TES system using Cofalit as the filler material to a conventional two-tank molten 
salt TES system. The authors used the global warming potential (GWP), CED and water 
indicators to calculate the Cofalit manufacturing impact. They identified a reduction in 
comparison with the two-tank molten salt storage of 40 % for the GWP, 30 % for the CED and 
60 % for water. Moreover, the advantages of using Cofalit are its availability and its  high 
working temperature (up to 1000 ºC). 
 
Finally, from the point of view of the whole facility, Klein [121] analysed the water 
consumption, land use, and life cycle GHG emissions of different backup cooling options (wet 
and dry cooling combined with fossil fuels or molten salts TES) by applying a multi-criteria 
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decision analysis to a 1 MWh parabolic trough CSP plant. In this study, the authors suggested a 
preference for the TES backup. In another study, Klein and Rubin [122], applied an LCA 
analysis to the same CSP plant than Klein [121] and considered also different backup systems. 
They concluded that facilities with TES have less GHG emissions than plants using natural gas 
as backup system but higher land use. Lechón et al. [123] performed an LCA analysis of two 
solar thermal plants located in Spain using molten salts as TES material: one with the solar 
tower technology (17 MW) and the other with the parabolic trough technology (50 MW). They 
accounted for 634 kt of CO2 savings if thermal power objectives for Spain were accomplished. 
Giuliano et al. [124] accounted and compared the CO2 emissions of five 30 MW solar-hybrid 
plants (with and without molten salts as storage system) to a conventional fossil-fired driven 
plant. Results showed that larger solar fields and the integration of TES reduced the CO2 
emissions up to 68% if compared to the fossil-fired combined cycle. Whitaker et al. [125] 
analysed the GHG emissions, water consumption and CED of a 106 MW solar tower CSP plant. 
They compared the origin of the TES material (mined or synthetic) and the configuration of the 
storage system (two-tank or thermocline). They concluded that the use of synthetic salts 
increased the cumulative energy demand and the switching from two-tank to thermocline 
configuration was insignificant regarding all the environmental parameters. The same 
environmental analysis was used by Burkhardt et al. [126] in a parabolic trough CSP plant (103 
MW). In this case, the same conclusion than Burkhardt et al. [126] was achieved regarding the 
origin of the TES material. In addition, the authors found a 7 % of GHG emissions reduction 
when using thermocline instead of two-tank configuration. 
 
Table 8 shows the different studies found in the literature concerning the environmental analysis 
at high temperature. It is classified according to the TES material and ordered chronologically. 
Besides, the type of environmental analysis performed and the software and database used are 
also listed. It can be seen that there is a lack of environmental analysis in systems containing 
TES materials, since only twelve cases have been found in the literature. Among them, molten 
salts are the most studied TES material in the high temperature range considered in this article 
(> 150 ºC). Other materials studied are sodium nitrate, high temperature concrete, ferrous 
metals, alumina, high alumina concrete, graphite, magnesia and silicon carbide. In order to 
perform the different environmental analyses, EcoInvent and SimaPro are the most used 
software. Regarding to the parameters analysed, LCA and CO2 footprint are the ones which 
have been calculated more often. Generally, when TES is evaluated and compared to 
conventional systems from a material point of view, its benefits are not significant. However, 
when the comparison is done at system level and at higher scale, the benefits of introducing 
TES, such as a reduction of CO2 emissions, and energy and water consumption, are more 
noticeable. On the contrary, the main disadvantage is the land use. 
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Table 8. Review of the studies concerning the environmental analysis at high temperature. 
Study  
case Boundary TES material Parameter analysed 
Software / 
Database used Results Year Reference 
1 Facility Molten salts LCA SIMAPRO ST: 9.49 g CO2-eq/kWh PT: 14.60 g CO2-eq/kWh 
2008 Lechón et al. [123] 
2 Facility Molten salts CO2 emissions reduction n.a. 
ST: 0.062-0.414 kg CO2-eq/kWh 
PT: 0.098-0.482 kg CO2-eq/kWh 
2011 Giuliano et al. [124] 
3 Facility Molten salts 
CO2 footprint SIMAPRO 
EcoInvent 
database 
 5.01-5.21 g CO2 eq/kWh 
2011 Burkhardt et al. [126] Water consumption 0.19 L/kWh CED 0.07 MJ/kWh 
4 Material and system 
Molten salts (sensible)  
LCA Eco-Indicator 99 
3376 IP 
2012 Oró et al. [118] Molten salts (latent) 1270 IP High temperature concrete 279 IP 
5 Material  
Magnesium 
Aluminium 
Zinc 
Al+Si (88+12 wt %) 
Al+Mg+Zn (60+34+6 wt %) 
Energy consumption 
CO2 footprint 
CES 
EcoAuditTM 
Energy and CO2 production for the 
alloy 88Al–12Si being the lowest, 
followed by aluminium 
2013 Khare et al. [115] 
6 Facility Molten salts 
Water consumption 
SIMAPRO 
0.73-5 L/kWh 
2013 Klein [121]  Land use 240-286 m2/GWh 
CO2 footprint 49-73 g CO2-eq/kWh 
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7 Facility Molten salts 
Water consumption 
n.a. 
2.3-2.4 L/kWh 
2013 Klein and Rubin [122] Land use n.a. CO2 footprint 0.33-0.34 kg CO2-eq/kWh 
8 Facility Mined and synthetically derived molten salts 
CO2 footprint SIMAPRO 
EcoInvent 
database 
The use of synthetic salts increase CO2 
footprint 12%, CED by 7%, and water 
consumption by 4% compared to 
mined salts 
2013 Whitaker et al. [125]  
Water consumption 
CED 
9 Material  
KNO3 
NaOH 
K2CO3 +Na2CO3+Li2CO3 
(35+33+32 wt %) 
LiOH+KOH (40+60 wt %) 
CO2 footprint 
EcoInvent 
database 
Simapro 
LiOH/KOH benefits -8 to -18 ton CO2 
eq in comparison with other cases 2014 
López-
Sabirón et al. 
[116] 
10 Material  Sodium nitrate LCA 
SIMAPRO 
CML 2001 
Eco-Indicator 99 
n.a. 2014 
López-
Sabirón et al. 
[117] 
11 Material and system 
Molten salts (sensible)  
CED EcoInvent database 
125 TJ  
2015 Miró et al. [119] Molten salts (latent) 257 TJ  High temperature concrete 17 TJ  
12 Material and system Cofalit 
GWP 
CML 2001 
2.4 kg CO2-eq/kWh 
2016 Lalau et al. [120] CED 0.046 MJ/kWh Water consumption 0.058 L/kWh 
LCA: Life cycle assessment / CED: Cumulative energy demand / GWP: Global warming potential / ST: Solar tower / PT: Parabolic trough / CO2-eq: Equivalent CO2 
emissions / IP: Impact points
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Regarding the use of by-products and industrial wastes to reduce environmental impact of TES 1 
systems, researchers have proposed the use of waste materials and by-products from different 2 
industries as TES materials in order to reduce the environmental impact of the facilities which 3 
contains a TES system [127]. The use of these materials reduces significantly the environmental 4 
impact if compared to other manufactured products as they avoid both extraction of raw 5 
materials and manufacturing life cycle stages. Moreover, if these materials do not need any 6 
further treatment, they are considerably cheaper. Some examples of by-products and waste 7 
materials candidates for high temperature TES purposes are: Intertized asbestos containing 8 
wastes (ACW), fly ashes (FA), by-products from the salt and metal industry and municipal 9 
wastes.  10 
 11 
Several authors [128-131] studied the recycled industrial ceramics made of ACW. Results 12 
showed that this material presented no hazard, no environmental impact, good thermophysical 13 
properties and very low investment cost. Meffre et al. [132] studied and characterized FA as 14 
TES material. FA are micron-size particles present in gaseous effluents produced by industrial 15 
combustions in facilities such as coal fired power plants or municipal solid wastes incinerators. 16 
They are mainly composed of SiO2, Al2O3 and CaO and its waste treatment is also generally 17 
performed by plasma torch processing [133]. Results from the characterization showed good 18 
thermophysical properties for sensible TES storage and an energy payback of the plasma torch 19 
waste treatment of 7.4 months for CSP applications. By-products from the salt industry were 20 
studied by Miró et al. [134] and Ushak et al. [135]. The authors performed thermophysical and 21 
morphological characterisation at laboratory scale, and evaluated their performance at pilot 22 
plant scale. It was found that this by-product had high potential for commercial TES up to a 23 
temperature of 200 ºC but corrosion should be previously solved. The steel industry produces 24 
different types of by-products (referred as slags) depending on the furnace technology used. 25 
Thermo-physical properties of ferrous slag [139-142] indicate very appropriate values for the 26 
use of this material in sensible thermal energy storage up to temperatures of 1200 ºC. Finally, 27 
some authors proposed mixtures of wastes and TES materials. For example, Ozger et al. [137] 28 
proposed nylon fibres from post-consumer textile carpet waste for fibre-reinforced concrete as 29 
candidate for high temperature sensible heat storage up to 450 ºC, and Navarro et al. [138] 30 
proposed by-products from the copper industry to be mixed with cement. 31 
  32 
Table 9 lists the by-products which have been currently studied by different researchers and the 33 
temperature at which they have been tested. However, researchers do not only focus on by-34 
products because of their environmental advantages but also focus on these products from the 35 
economical point of view, since they are usually cheaper than current TES materials. 36 
 37 
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Table 9. Summary of the studies concerning the environmental requirements at high temperature in terms 38 
of potential by-products and waste materials candidates for TES purposes. 39 
Study 
Case By-product 
Temperature 
range analysed Year Reference 
1 Asbestos containing wastes (ACW) Up to 1000 ºC 2000-2014 
Py et al. [128] 
Kere et al. [129] 
Gualtieri and Tartaglia 
[130] 
Calvet et al. [131] 
2 Fly ashes (FA) Up to 1100 ºC 2011-2012 Meffre et al. [132] 
3 NaCl from salt industry 100-200 ºC 2014 Miró et al. [134] 
4 Astrakanite from salt industry 570-680 ºC 2014 Ushak et al. [135] 
5 Ferrous slag from metal industry Up to 1200 ºC 2011-2014 
Gil et al. [139] 
Ortega et al. [140,141] 
Mills [142] 
 40 
3.3 Addressing technological requirements 41 
 42 
Technological requirements, which include the integration of the TES material into the facility, 43 
the operation strategy of the facilities, and the good transfer between the HTF and the TES 44 
material, are not usually considered in the literature, even though these requirements are known 45 
to have an incidence in the design and the economics of the system. The integration of the TES 46 
material into the facility can help TES systems to be considered as substitutes of conventional 47 
fossil-fuel technologies. A good operation strategy can considerably enhance the overall TES 48 
system heat transfer efficiency, which is closely linked to the requirement of good heat transfer 49 
between the HTF and the TES material. Finally, the most important operation strategies 50 
containing TES at high temperature are the multiple PCMs configuration and the forced 51 
movement of the TES material while undergoing phase change. 52 
 53 
Multiple PCMs configuration, also referred as cascaded or multistage configuration, is a TES 54 
system configuration where different PCMs (with different melting temperatures and 55 
enthalpies) are arranged in series. This configuration aims to increase low storage capacities in 56 
the single PCM due to the poor PCM thermal conductivities. As it can be observed in Fig. 6, the 57 
optimum arrangement for a multiple PCM system is obtained by placing the PCMs in a 58 
decreasing order of their melting temperatures (Tm) and in an increasing order of their heat 59 
storage capacities (h) in the HTF flow direction during the charging process, and the other way 60 
around during the discharging process [143]. The advantages of this arrangement are the 61 
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Table 10. Review of the studies concerning the technological requirements at high temperature in terms of numerical and experimental analysis of cascaded PCM 
configurations. 
Study case Heat exchanger  design Number of PCM 
TES materials (mol%) and 
order in which they are 
placed 
Melting 
temperature 
Improvement vs single  
configuration Year Reference 
1 Numerical Single pass shell and tube 5 
1. n.a. 1. 867 ºC 
More uniform HTF outlet 
temperature  1995 
Gong and 
Mujumdar 
[146] 
2. n.a. 2. 817 ºC 
3. LiF + CaF2 
   (80.5 + 19.5 %) 3. 767 ºC 
4. n.a. 4. 717 ºC 
5. n.a. 5. 667 ºC 
2 Numerical Single pass shell and tube 3 
1. n.a. 1. 779 ºC Reduction of the HTF outlet 
temperature variations  
Energy rate enhancement 
2003 Cui et al. [147]  
2. LiF + CaF2 
   (80.5 + 19.5 %) 2. 767 ºC 
3. n.a. 3. 717 ºC 
3 Experimental Single pass shell and tube 3 
1. KNO3 1. 335 ºC Reduction of the HTF outlet 
temperature variations  
Energy rate enhancement 
2007 
Michels 
and Pitz-
Paal [148] 
2. KNO3 + KCl    (95.5 + 4.5 %) 2. 320 ºC 
3. NaNO3 3. 306 ºC 
4 Numerical Single pass shell and tube 5 
1. LiF + CaF2 
   (80.5 + 19.5 %) 1. 767 ºC Reduction of the HTF outlet 
temperature variations  
Energy rate enhancement 
2008 Seeniraj et al. [149] 
2. Eutectic mixture        
    LiF-MgF2 2. 736 ºC 
3. n.a. 3. 700 ºC 
4. n.a. 4. 650 ºC 
5. n.a. 5. 600 ºC 
5 Numerical 
Rectangular 
container with HTF 
flow channels 
3 
1. NaOH + NaCl 
   (73.3 + 26.7 %)  1. 370 ºC Increase 10 % exergy 
recovery 2012 
Shagbard et 
al. [150] 2. KCl + MnCl2 + NaCl    (22.9 + 60.6  + 16.5 %) 2. 350 ºC 
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located at the top 
and bottom 
3. NaOH + NaCl + Na2CO3    (65.2 + 20 + 14.8 %) 3. 318 ºC 
6 Numerical Single pass shell and tube 3 
1. K2CO3 + Na2CO3    (51 + 49 %)  1. 710 ºC No comparison with single 
configuration has been done 
in this study 
2013 Li et al. [145] 
2. Li2CO3 + NaCO3 + K2CO3    (20 + 60  + 20 %) 2. 550 ºC 
3. Li2CO3 + NaCO3 + K2CO3    (32 + 33  + 35 %) 3. 397 ºC 
7 Numerical Single pass shell and tube 2 
1. LiF + CaF2    (80.5 + 19.5 %)  1. 767 ºC 
Energy rate enhancement 
Reduction of the entransy 
dissipation rate 
2014 Tao et al. [144] 2. LiF + MgF2    (67 + 33 %) 2. 746 ºC 
8 Experimental Multiple pass shell and tube 2 
1. Hidroquinone 1. 168.5 ºC Higher uniformity on the outlet HTF temperature  
Effectiveness enhancement 
of 19.36 %  
2015 Peiró et al. [143] 
2. D-mannitol 2. 158.5 ºC 
9 Numerical Zig zag configuration 3 
1. n.a. 1. 450, 460, 470, 480, 485 ºC Intensification of the 
charging process 2015 
Wang et al. 
[151] 2. n.a. 2. 440 ºC 
3. n.a. 3. 395, 400, 410, 420, 430 ºC 
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Fig. 7. Prototypes of the concepts dealing with the forced movement of the TES material while 17 
undergoing phase change: (a) and (b) Dynamic melting [152,153]; (c) screw heat exchanger [154]; (d) 18 
PCM flux [155]  19 
 20 
Finally, a good heat transfer between the HTF and the TES material is desired in order to 21 
enhance both the charging and discharging processes. The most common and widely used HTF 22 
for high temperature purposes are listed with their maximum operation temperature and, when 23 
possible, with their reported price in Table 11. 24 
 25 
Table 11. Cost and maximum operation temperature of the most commonly used HTFs.  26 
Heat transfer fluid Max. operation temperature Cost* Reference 
1. Liquids 
1.1. Molten salts 
Hitec XL 500 ºC 1.19-1.66 USD·kg-1 [99] 
Hitec  535-538 ºC 0.93-1.93 USD·kg-1 [100,101] 
Solar salt  585-593 ºC 0.49-1.30 USD·kg-1 [100,101] 
Other nitrate mixtures 565 ºC ≈ 1.1 USD·kg-1 [99] 
Other carbonate mixtures 850 ºC ≈ 1.3 USD·kg-1 [99] 
Other chloride mixtures 850 ºC 0.35-1.13 USD·kg-1 [99] 
Other fluoride mixtures 900 ºC 7-14 USD·kg-1 [99] 
Other oxide mixtures 1200 ºC n.a [100] 
1.2. Thermal oils                                                                    
Commercial brands 280-400 ºC 2.83-105.4 USD·L-1  
1.3. Liquid glasses 
Liquid glasses 450 ºC n.a. [101] 
1.4. Liquid metals                                                                                   
1.4.1. Alkali metals 
38 
 
NaK (22.2 wt. % Na + 77.8 wt. % K) 785 ºC 2 USD·kg-1 [102] 
K 766 ºC 2 USD·kg-1 [102] 
Na 873-883 ºC 2 USD·kg-1 [99-101] 
Li 1342 ºC 60 USD·kg-1 [102] 
1.4.2. Heavy metals 
Lead-bismuth eutectic allow (LBE) 
(44.5 wt. % Pb + 55.5 wt. % Bi) 1533-1670 ºC 13 USD·kg
-1 [99,101,102] 
Pb 1743 ºC 2 USD·kg-1 [102] 
Bi 1670 ºC 22 USD·kg-1 [102] 
1.4.3. Fusible metals 
Ga 2237 ºC 600 USD·kg-1 [102] 
In 2072 ºC 500 USD·kg-1 [102] 
Sn 2687 ºC 25 USD·kg-1 [102] 
2. Supercritical fluids 
Supercritical H2O 620 ºC n.a. [101] 
Supercritical C2O 850 ºC n.a. [101] 
3. Gases 
Superheated steam 600 ºC 0 [101] 
Compressed air 800 °C 0 [100] 
*Commercial cost at May 2015 without shipping fees 27 
 28 
Two research groups studied how to improve the thermal conductivity of commercial HTF in 29 
order to increase the heat transfer rates between HTFs and TES materials. Cingarapu et al. [103] 30 
dispersed 5 vol.% of core/shell silica encapsulated tin (Sn/SiO2) nanoparticles in Therminol66, 31 
obtaining an enhancement of 11 %. Torres-Mendieta et al. [104] dispersed spherical gold 32 
nanoparticles in Therminol VP-1 and obtained an enhancement of 4 %. Other authors have also 33 
proposed the lead-bismuth eutectic alloy PbBi and molten tin [102], and dense particle 34 
suspension (DPS) fluidized with air [105] for candidates as HTF. 35 
 36 
4. Conclusions 37 
 38 
In the part 1 of this article, the requirements that TES materials and TES system should 39 
accomplish for an optimal performance and a widespread deployment are reviewed. High 40 
temperature is considered above 150 ºC and only latent and sensible TES are studied. These 41 
39 
 
requirements are divided depending if they are focused on the TES material or on both the TES 42 
material and system. Requirements focused on the TES material are grouped into chemical, 43 
physical and thermal while the requirements focused on the TES material and systems are 44 
grouped into environmental, economic and technologic. Part 2 of this article presents a review 45 
of the numerical and experimental studies focused on the different thermal conductivity 46 
enhancement techniques in the high temperature range. 47 
 48 
The most studied topics regarding the different requirements reviewed are: 49 
 Materials requirements 50 
The full characterization of the TES material is very important to assess its suitability 51 
for a TES application. 52 
o Chemical 53 
This is the most studied requirement regarding the TES material. Long-term 54 
stability, compatibility between TES materials and their surrounding 55 
components (especially for solar salts and metals used in solar power plants), 56 
phase segregation and handling and safe use of the materials are assessed in the 57 
literature. 58 
o Kinetic 59 
Few studies have been found regarding the identification of the subcooling 60 
effect dealing with galacticol, hydroquinone and d-mannitol.  61 
o Physical 62 
Thermal expansion coefficient is found to be basic for design purposes. 63 
Therefore, the TES material quantity inside the TES container and/or shell 64 
capsule should be carefully calculated to guarantee the internal pressure and 65 
avoid leakages. 66 
o Thermal 67 
The main thermal requirement is the enhancement of the thermal conductivity, 68 
which is widely reviewed in Part 2 of this review. Regarding the rest of 69 
requirements, increasing the specific heat by including nanoparticles is the most 70 
attractive research topic. 71 
 Material and system requirements 72 
These requirements are not directly related to the TES material but are basic for the 73 
design of the facility. 74 
o Economic 75 
Most of economic analyses are focused on CSP facilities and the capital 76 
investment costs (CAPEX), operation and maintenance costs (OPEX) and 77 
40 
 
financing costs are studied. Moreover, the annual number of storage cycles has 78 
the largest influence on the cost effectiveness. 79 
o Environmental 80 
Carbon footprint, Life Cycle Assessment and Cumulative Energy Demand 81 
analyses have been developed at three different scales (TES material, TES 82 
system and the whole facility). Most of them consider solar power plants. 83 
Moreover, the use of by-products or industrial wastes has been assessed. 84 
o Technological 85 
Multiple PCMs configuration and the forced movement of the TES material 86 
while undergoing phase change dynamic melting systems have been proposed 87 
by the researchers as important strategies for maximizing the heat transfer 88 
between the HTF and the TES material.  89 
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